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Abstract This article deals with the links between the enaction paradigm and artificial 
intelligence. Enaction is considered a metaphor for artificial intelligence, as a number of the 
notions which it deals with are deemed incompatible with the phenomenal field of the virtual. 
After explaining this stance, we shall review previous works regarding this issue in terms of 
artifical life and robotics. We shall focus on the lack of recognition of co-evolution at the heart of 
these approaches. We propose to explicitly integrate the evolution of the environment into our 
approach in order to refine the ontogenesis of the artificial system, and to compare it with the 
enaction paradigm. The growing complexity of the ontogenetic mechanisms to be activated can 
therefore be compensated by an interactive guidance system emanating from the environment. 
This proposition does not however resolve that of the relevance of the meaning created by the 
machine (sense-making). Such reflections lead us to integrate human interaction into this 
environment in order to construct relevant meaning in terms of participative artificial intelligence. 
This raises a number of questions with regards to setting up an enactive interaction. The article 
concludes by exploring a number of issues, thereby enabling us to associate current approaches 
with the principles of morphogenesis, guidance, the phenomenology of interactions and the use of 
minimal enactive interfaces in setting up experiments which will deal with the problem of artificial 
intelligence in a variety of enaction-based ways. 
 
Keywords enaction, embodied-embedded AI, sense-making, co-evolution, 
guidance, phylogenesis/ontogenesis ratio, Human in the Loop, Virtual Reality 
Introduction 
Over the past few years, the cognitive sciences have been undergoing 
considerable evolution having taken into account the natural and committed 
nature of organisms when describing their cognitive capacities (Sharkey & 
Ziemke, 1998; Lakoff & Johnson, 1999). Enaction is one of the theoretical 
propositions involved in this evolution (Varela, Thompson, & Rosch, 1993; Noë, 
2004; Stewart, Gapenne, & E. Di Paolo, 2008). Even though debate about the 
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relevance of the different areas of the cognitive sciences seems to be quieting 
(Gershenson, 2004), enaction offers an alternative to cognitivism (Pylyshyn,1984) 
and connectionist approaches (Rosenblatt, 1958) by following and furthering the 
sensorimotor theories initiated by (Gibson, 1966). It is based on research in the 
fields of biology (Maturana, Uribe, & Frenk, 1968; Maturana & Varela, 1980) and 
neuroscience (Freeman & Sharkda, 1990; Freeman, 2001). It supports 
constructivism (Piaget, 1970; Foerster, 1984; Shanon, 1993; Glasersfeld,1995; 
Rosch, 1999) and anthropological argumentation (Hutchins, 2005, 2006). Finally, 
its philosophical extension is also reiterated in phenomenology (Husserl, 1960; 
Merleau-Ponty, 1945; Varela et al., 1993; Lenay, 1996; Bickhard, 2003) and is at 
the centre of the research program into neurophenomenology (Thompson & 
Varela, 2001; Lutz, Lachaux, Martinerie, & Varela, 2001). Enaction supports the 
construction of cognition on the basis of interactions between organisms and their 
physical and social environments (De Jaegher & Di Paolo, 2007). It is thus rooted 
in radical constructivism. The issue which we will be analyzing here is that of the 
links woven between enaction and artificial intelligence, first dealt with a few 
years ago.  
 
Even if an auto-constructing artificial system is not in itself new to artificial 
intelligence (Turing, 1950; Von Neumann, 1966; Drescher, 1991; Hall, 2007), the 
Computational Theory of Mind faces a number of difficulties linked to the 
representational nature which it proposes (Dreyfus, 1979; Fodor, 2000)2: the 
frame problem (McCarthy, 1969; Korb, 2004), the symbol grounding problem 
(Harnad, 1990, 1993), modeling of common sense (McCarthy, 1969), the 
importance of context (Minsky, 1982; McCarthy & Buva, 1998), creativity or 
indeed social cognition, or cognition in an open environment. In order to 
overcome these difficulties, new AI rejects the idea of representations and is at the 
source of embodied-embedded AI (Brooks, 1991; Pfeifer & Gomez, 2005).This 
approach integrates the role of the body and the sensorimotor loop in recognizing 
a robot’s cognitive capacities. Nevertheless, it encounters difficulties regarding 
questions of agentivity, teleology and construction of meaning. (Ziemke, 2001; Di 
Paolo, 2005; Di Paolo, Rohde, & De Jaegher, 2007) differentiate between 
automatic systems, which rely on fixed exterior values, and systems which create 
their own identity. The biological origins of these notions, predicted by I. Kant 
(Kant, 1790), J. von Uexküll (Uexküll, 1957) or H. Jonas (Jonas, 1968) seem to be 
one possible key element in resolving these issues. As such, one would need to 
meticulously copy natural mechanisms artificially (Dreyfus, 2007). A task of such 
complexity seems unfathomable, however (Di Paolo & Iizuka, 2008) insist that it 
is not the details of these mechanisms that count, but rather the underlying 
principles which much be identified. It is these principles which aim to clarify 
enaction via a radical point of view according to which, due to the viability 
constraints of organisms and on their capacity to react, their interactions 
”crystalize” the sensorimotor invariants which are thus the source of enacted 
”embodied representations” from agentivity and from sense-making (Di Paolo, 
2005). The paradigm demands an absence of representations of a pre-given world 
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and also of the biological origins of autonomy: the autopoiesis principle. This 
principle is extended further by the integration of the sensorimotor loop, the co-
evolution of the organism and its environment, and finally the enaction of its own-
world. The notion of own-world (or phenomenal world) (Uexküll, 1957), 
expresses the way in which a subject’s representation of the world is unique to 
that person and cannot be detached from his personal experience and sensorimotor 
capacities. 
 
In terms of the virtual, enaction and its revolutionary vision enable us to lay down 
new foundations. These new foundations led (Froese & Ziemke, 2009) to lay 
down the guidelines for “Enactive Artificial Intelligence” which clears the 
existing ambiguities surrounding the notion of embodied cognition highlighted by 
(Clark, 1999; Nunez, 1999; Ziemke, 2004). We will remain prudent about the 
terms we use, considering enaction as a metaphor for artificial intelligence. We 
shall therefore refer instead to “Enaction-Based Artifical Intelligence (EBAI)”. 
Indeed, the direct transfer of a paradigm from the cognitive sciences might lead to 
shortcuts, misunderstanding and confusion regarding the initial notions of the 
paradigm. For example, enaction borrows the specificity of first-hand experience 
from phenomenology, and it is necessary to use phenomenology in order to 
understand the mind. However, in the case of machines, the notions of first-hand 
experience, consciousness and own-world are without a doubt inaccessible, if not 
absurd. This article does not aim to enter into the debate surrounding the 
functionalism of the intentionality of autonomy or of consciousness (Searle, 1997; 
Chalmer, 1995; Pylyshyn, 2003; Kosslyn, Thomson, & Ganis, 2006; Thompson, 
2007). We shall simply embark on analyses of (Rohde & Stewart, 2008) who 
propose to replace the traditional distinction between ascriptionnal and genuine 
autonomy by presenting the hypothesis that “an attributional judgement based on 
knowledge of an underlying behavior-inducing mechanism will be more stable 
than a naïve judgment based only on observation of behavior”. This concept 
enables us to use the ideas and advances of cognitive science in order to 
contribute to the artificial sciences (Simon, 1969) and vice versa. In particular, the 
problem of sense-making, crucial in artificial intelligence, can be established in an 
enactive inspiration. 
 
This article will be structured in the following manner: section 2 outlines the 
notions relating to enaction and the characteristics expected of an artificial system 
claiming to adhere to the model. In section 3 we shall summarize the main 
elements of the approaches in artificial life and robotics which fall into the 
category of enaction. For each of these approaches, we will demonstrate how little 
importance is given to the evolution of the environment and the difficulties 
involved in obtaining ontogenetic mechanisms. The notion of a sense-making for 
a machine can also be a problem for a human user if it is designed to be 
autonomous in a purely virtual world. Having studied these issues, we make a 
number of suggestions in section 4: a more explicit recognition of the irreversible 
evolution of the environment and of coupling; guiding the artificial entity in order 
to tackle more complex ontogenesis as is the case in the co-evolving nature and 
integration of the ”man-in-the-loop” with the co-creation of meaning, compatible 
with the social construction of meaning and the initial precepts of AI, illustrated 
by the Turing test. The section then goes on to present the areas which we shall 
explore in future research in order to meet these goals, before going on to the 
conclusion (section 5). 
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From enaction to artificial intelligence 
Enaction proposes to address cognition as the history of structural coupling 
between an organism and its environment. Here follows a brief summary of the 
concepts closely linked to it. For a more detailed account, we recommend the 
review articles by (McGee, 2005, 2006). Enaction originates from the notion of 
autopoietic systems put forward by Maturana and Varela as model of the living 
centred on the capacity of organisms to preserve their viability (Varela, Maturana, 
& Uribe, 1974). For these authors, this preservation defines the organism’s 
autonomy and constitutes the biological origin of its cognitive capacities. An 
autopoietic system is a structure which produces itself as a result of its 
environment. The environment may disrupt the system, whose functioning will 
evolve as a consequence of that effect. If the functioning of the organism evolves 
in such a way as to preserve it despite disruption from exterior factors, the 
organism can be considered viable. This new way of functioning will, in return, 
influence the environment and the organism-environment system will co-evolve. 
The fact that the environment is but a disruption implies that it does not seem to 
be represented within the organism as a pre-given world. Furthermore, constraints 
on viability and the necessity to remain alive endow the organism with an identity 
by means of its metabolism and its capacity to act. This identity emerges relative 
to viability constraints, and the environment gradually takes on meaning. 
 
Breaking away from biology, we talk about operationally closed systems. 
Operationally closed systems form a system of recursively interdependent 
processes in order to regenerate themselves, and can be identified as a 
recognizable unit in the domain of processes. Nothing prevents the notion of 
operationally closed systems being applied to the phenomenal domain of the 
artificial. The scientific approach would then be to generalize this mechanism to 
multicellular organisms (Varela, 1979), and thus to human beings, the mind, and 
social cognition (De Jaegher & Di Paolo, 2007). At each level, there is a 
difference linked to the aspects associated with the notions of viability and unity 
(Stewart, 1996; Di Paolo, 2005). Without entering into further detail and the 
arguments behind the theoretical approach, we shall retain three important 
characteristics involved in the development of artificial systems based on this 
paradigm: 
 
1- The absence of a priori representations: In the domain of AI, this 
characteristic shares similarities with Rodney Brooks considerations 
(Brooks, 1991) but which, to be more precise, translates to an absence of 
representations of a pre-given world. The organism does not possess an 
explicit and definitive representation which it could manipulate in the 
manner of an imperative program, for example to plan or define an 
intention as a rule-based calculus. It is these interactions which enable it 
simply to ”survive” by preserving sensorimotor invariants. 
 
2- Plasticity: The organism is viable as it is capable of ”absorbing” the 
disruptions caused by its environment and to adapt to them. This plasticity 
can be observed not only in the body for physical interactions but also at 
nerve level for higher-level interactions (cerebral plasticity). 
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3- Co-evolution: requires the distinction between physically grounded 
cognition and cognition that is rooted in their own world (Sharkey & 
Ziemke, 1998). A modification of the world by the organism in return 
imposes a modification of that organism. This co-evolution can just as 
well be considered a phylogenetic scale as an ontogenetic scale and gives 
rise to structural coupling characterized by its irreversibility. The example 
is often giving of tracing a path by trampling the ground with our feet. 
 
In this way, we can see that the artificial system is taking the form of a complex 
system i.e. it is heterogeneous, with an open and multi-scaled dynamic (Laughlin, 
2005). The emergent properties of these systems are testimony to the openness 
and the multiplicity of the possibilities of evolution. The notion of ”natural 
derivation”, highly important in enaction (Varela et al., 1993) is thus converted to 
”artificial derivation”. It underlies complex systems and can initiate creativity and 
commitment in ”bringing forth a new world”. Creativity is here defined as the 
possibility to determine the functions of an undefined element of the environment. 
 
These systems are able to apprehend and to enact properties relating to the world 
with which they interact. These properties, which are often dynamic, are difficult 
to represent using symbols and also resist abstraction. These characteristics are 
fundamental to enaction, which considers that know-how precedes knowledge and 
highlights the uniqueness of each experience. 
 
Co-evolution involves a recursive transformation of the system and of its 
environment. The environment is thus an actor in the same way as the entity that 
occupies it. However, generally, the theories of embodied AI neglect the evolution 
of the environment, preferring to focus on perfecting the autonomous system. This 
priority is illustrated by the first ”Enactive AI design principles” drawn up by 
(Froese & Ziemke, 2009): 
 
- principle EAI-1a: an artificial agent must be capable of generating its 
own systemic identity at some level of description. 
- principle EAI-1b: an artificial agent must be capable of changing its own 
systemic identity at some level of description. 
 
Systemic identity works from the notion of auto-maintenance of a system as it is 
understood in the theory of autopoiesis. Principle 1b is a compromise made due to 
the complexity of implementing principle 1a. The second set of principles 
introduces the concept of interaction between the organism and the environment 
by means of the sensorimotor loop: 
 
 
- principle EAI-2a: an artificial agent must be capable of generating its 
own sensorimotor identity at some level of description. 
- principle EAI-2b: an artificial agent must be capable of changing its own 
sensorimotor identity at some level of description. 
 
The active behavior of the agent is here dealt with explicitly. It enables us to 
address the construction of meaning in terms of a preservation of sensorimotor 
loops, but ignores the co-evolution of the environment and the agent. In 
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conclusion, the role of the environment and its relative capacity to endanger the 
viability of the agent, is introduced by the third principle: 
 
 
- principle EAI-3: an artificial agent must have the capacity to actively 
regulate its structural coupling in relation to a viability constraint. 
 
However, to us, the irreversible nature of the conjoined evolution of the entity and 
its environment does not seem to have been made clear. For now the challenge is 
to introduce regulatory mechanisms in order to maintain the existence of the 
entity, knowing that the impositions exerted on it will evolve. The system must be 
able to regulate its regulation, to be able to access a meta-regulation (Morin, 
1980). The implementation of such a system stems from (Froese & Ziemke, 2009) 
and particularly the hard problem of enactive artificial intelligence. This consists 
of concretizing the set of rules governing the system so as to define the 
modifications enabling it to be preserved. To do so would imply an understanding 
between the domain of explicit design and that of evolutionary approaches. This is 
the only method currently available when attempting to set up auto-adaptive 
artificial systems which rely on a dynamic rather than a representational approach. 
Before putting forward our suggestions for overcoming this problem, we shall 
identify the ways in which current approaches adhering to the artificial enaction 
paradigm fail to consider the role of the environment and of co-evolution in 
sufficient detail. 
Co-evolution and environnement in (enactive) 
artificial intelligence ? 
Research corresponding to an enactive approach to artificial intelligence logically 
developed in the domain of artificial life alongside the study of the principles of 
autopoiesis (McMullin, 2004; Beer, 2004; Bourgine & Stewart, 2004; Beurier, 
Michel, & Ferber, 2006; Ruiz-Mirazo & Mavelli, 2008). These studies concern 
principles EAI-1a and EAI-1b. Other research in robotics has followed a similar 
trend with the development of artificial dynamic cognition which can be 
associated with the study of principles EAI-2b and EAI-3 (Beer, 2000; Di Paolo, 
2000; Nolfi & Floreano, 2000; Harvey, Di Paolo, Wood, Quinn, & Tuci, 2005; 
Wood & Di Paolo, 2007; Iizuka & Di Paolo, 2007). We shall summarize these 
findings focusing particularly on the assimilation of environment and co-
evolution. 
 
Simulating autopoiesis: The biological origins of autonomy 
Principles 
The theory of enaction is rooted in the biological mechanism of autopoiesis. The 
autonomy of an autopoietic system constitutes its minimal cognition. We must 
remember that an autopoietic system is a composite unit, much like an element-
producing network in which the elements 1) via their interactions, recursively 
regenerate the network of production which produced them and 2) construct a 
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network in which they exist by building up a frontier with their external 
surroundings via their preferential interactions within the network (Dempster, 
2000). Autopoietic systems possess the properties of emergent systems as they are 
able to create natural phenomena independent of those from which they were 
generated (Laughlin, 2005). Figure 1 summarizes the principles of minimum 
autopoietic systems models. 
 
 
 
Fig. 1 Illustration of the autopoiesis principle: A cellular membrane encloses a catalyst which 
cannot cross that membrane. A substrate can cross the membrane. In the presence of the catalyst, 
the substrate evolves into elements which will repair the membrane, should holes appear in it. 
Thus the cell is able to regenerate because the catalyst is enclosed within it, and because the cell 
regenerates, the catalyst remains captive within it. 
 
Since the pioneering research by (Von Neumann, 1966; Gardner, 1970; Langton, 
1984), researchers have gone on to study richer patterns, introducing biochemical 
mechanisms, physical mechanisms and genomic elements (Dittrich, Ziegler, & 
Banzhaf, 2001; Madina, Ono, & Ikegami, 2003; Watanabe, Koizumi, Kishi, 
Nakamura, Kobayashi, Kazuno, Suzuki, Asada, & Tominaga, 2007; Hutton, 
2007). Both fields of research and reported results have thus become much more 
diverse. Consequently, in this section, we shall deal only with the research which 
explicitly mentions autopoiesis. 
 
Following on from the analysis put forward by Barry McMullin in (Mc Mullin, 
2004), we have organized the different approaches into three categories: 
 
1- The study of the dynamics of basic principles in minimalist models aiming 
at a mathematical analysis of the system’s viability (Bourgine & Stewart, 
2004; Ruiz-Mirazo & Mavelli, 2008). This analysis is conducted using 
stochastic differential equations. These equations imitate the way in which 
concentrations of the elements forming the system evolve and establish 
stability criteria for these elements. For these approaches, the viability of 
the system represents its ability to keep its concentration stable when 
under strain from external forces. The topology of the system cannot be 
manipulated via these systems. For example, the position of the membrane 
of the tessellation automaton is predefined in (Bourgine & Stewart, 2004). 
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It follows that the notions of interior and exterior are themselves implicit. 
However, this topological distribution plays an important role in the 
principle of autopoesis and in evolving phenomena such as distortion, 
which cannot be replicated.  
 
2- The study of the plasticity of configurations which can be preserved during 
disruptions or which enable the minimal action of an artificial entity (Beer, 
2004; Moreno, Etxeberria, & Umerez, 2008). These studies involve the 
configurations of different cellular automata. This time, the topological 
elements can be simulated using this type of automaton. The viability of 
this approach depends on the preservation or evolution of a shape 
inscribed on the grid. Whereas (Beer, 2004) addresses the configurations 
of the game of life, (Moreno et al., 2008) develops (Varela et al., 1974)’s 
initial automaton, giving it the ability to move around under the influence 
of a flow of substrate on the grid. They also demonstrate the influence of 
the automaton’s specifications on the ability of the cell to move around. 
 
3- The study of the emergence of autopoietic behavior (Beurier, Simonin, & 
Ferber, 2002). The authors base their research on the notion of multiple 
emergences using a situated multi-agent system. Viability is summarized 
as the maintenance of the emergent process. Different agents positioned on 
a grid mutually attract or repel one another according to pre-defined rules 
and the virtual pheromones that they diffuse onto that grid. They can also 
change their ”nature” (this nature being represented by a variable), 
depending on the state of their surroundings. This model exhibits 
properties of autopoietic systems: membraneionic auto-organization of the 
system, preferential interaction between the elements of this auto-
organization, and finally the ability to withstand disruptions and to 
regenerate the system should it become damaged. 
 
The problem of co-evolution 
The possibility of co-evolution for each of these approaches is linked to the 
difference of opinion surrounding the notion of viability. This clearly illustrates 
the variety of different ways in which the autopoiesis principle can be interpreted. 
It also raises the issue of status in the ”topological and physical nature” of 
autopoietic principles. For example, the notion of the frontier is intuitively 
topological but can become completely abstract in a digital phenomenal domain. 
Nevertheless, the first category of approaches does not follow the causality of the 
entity’s internal mechanisms. These models therefore do not convey the 
granularity necessary to be able introduce the equivalent of a membraneionic 
distortion or an interaction with an environment whose characteristics would 
evolve. To do so would involve using a simulation, integrating the physical 
constraints of collision and movement. In (Manac’h & De Loor,2007), we 
presented the simulation of one such model based on agents situated in a 
continuous three-dimensional universe (see figure 2). These simulations show the 
extent to which it is difficult to recreate the theoretical results of stabilization 
demonstrated in simplified mathematical analyses. Similar work introducing 
physical parameters such as pressure or hydrophobia have been put forward by 
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(Madina et al., 2003). This is a first step towards integrating the distortion and 
thus the evolution of the cell. 
 
       
 
Fig. 2 A flexible three-dimensional model of a tessellation automaton (and on the right, of its 
breakdown). The membrane cells (in green) are connected by springs (in gray) which disintegrate 
over time. However, the substrate crossing the cell (in blue), can regenerate those links when in the 
presence of a catalyst enclosed within the cell. After a certain amount of time, the impacts cased 
by the collisions deform the cell which, in the end, disintegrates (Manac’h & De Loor, 2007). 
 
The second category explicitly introduces the evolution of the form. However, the 
discrete nature of cellular automata as described by (Beer, 2004) means that 
change of form are abrupt. The system is therefore fragile as it is sensitive to an 
evolving environment. Furthermore, it is the preservation of form over time that is 
considered proof of viability. In a context such as this, it is impossible to achieve 
irreversibility. It must be noted that the problem does not exist for (Moreno et al., 
2008)’s approach, which could more easily tend towards co-evolution. The third 
category explicitly concerns emergence supported by internal rules and variables. 
Research is still required in order to enable these rules to evolve according to their 
environment. 
 
In more general terms, to achieve co-evolution these approaches must address the 
possibility of acting towards and modifying the environment which, in turn, could 
modify the autopoietic entity. In order to do so, the roles of the environment and 
of the modification must be explicitly incorporated. Nevertheless, the main issue 
in terms of enaction based artificial intelligence, which remains in the background 
of this approach, is still the relevance of this detail and of the phenomenal nature 
of the autopoiesis principle itself. Precise biological considerations are not, by 
definition, necessary if the principles put forward by (Froese & Ziemke, 2009) can 
exist at the heart of an artificial model. Artificial dynamic cognition was 
developed based on considerations much like these. 
 
Autonomy through action: Artificial dynamic cognition 
Being linked to evolutionary robotics (Pfeifer & Scheier, 1999; Nolfi & Floreano, 
2000), artificial dynamic cognition explicitly addresses the capacity of 
sensorimotor loops with regards to the preservation of an agent’s viability (Beer, 
2000; Daucé, 2002; Harvey et al., 2005). It is often claimed that it is associated 
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with enaction even if, erring on the side of caution, the term ”Enactive Artificial 
Intelligence” is not explicitly mentioned. For example, (Rohde & Di Paolo, 2006) 
suggest, that at least for now, evolutionary robotics might simply serve to study 
the hypotheses of cognitive science. In order to do so, they propose to concentrate 
on specific aspects of natural behavior so as to reduce the complexity of the 
problem as a whole. However, this would mean that it would be necessary to take 
precautions in the conception of such a reduced operation as complexity, 
dynamicity and plasticity must all prevail. This is one of the main challenges of 
this approach.  
 
 
 
Fig. 3 The network of neurons is recurrent and generates oscillations which are disrupted by the 
environment. Plasticity consists of altering the specifications of the differential equations using 
different criteria (ultra-stability, Hebb’s laws, etc.). 
 
The physiochemical phenomenal domain addressed by the approaches simulating 
autopoiesis is not discussed here, so that we might concentrate on the dynamic 
neuronal domain of a complete agent. The notion of viability will therefore 
undergo a change of perspective. The model of reference here is the Continuous 
Time Recurrent Neural Network (CTRNN) (Beer & Gallagher, 1992), which 
originates from the theory of dynamical systems (Strogatz, 1994). (Funahashi & 
Nakamura, 1993) highlights the advantage of being able to estimate the majority 
of families of dynamical systems. A network like this has chaotic dynamic 
behavior endowed with attractors (Bersini & Sener, 2002). In concrete terms, all 
of the nodes are interconnected and the output value of each one is defined by a 
differential equation. The parameters for these equations are defined using genetic 
algorithms which select and improve the right solutions according to Darwinian 
metaphor. In the rest of the article we shall address phylogenetic approaches. The 
outflows of the nodes have an oscillatory pattern. A very small proportion of arcs 
are linked to the agent’s sensors or actuators. The difficulty is to develop networks 
which will enable these sensorimotor loops to auto-adapt as they gain experience. 
Research by (Beer & Gallagher, 1992) demonstrates an adaptation like this by 
giving the example of a network whose dynamic compensates for a modification 
of the robot’s body. To do so, the genetic algorithm preselected individuals 
functioning with and without the modification. The network was also pre-
structured and not completely recurrent. There is no approximator so universal as 
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the unstructured CTRNN model. In order to overcome these limitations, E. Di 
Paolo proposes to render the network of neurons plastic so as to allow a 
modification of the connections’ characteristics as the robot gains experience. 
Different plasticities may be used. Homeostatic plasticity, that which is closest to 
enaction, is based on the notion of ultra-stability by Ashby (Ashby, 1960). It 
consists of setting up a stabilization loop which will modify the network arcs 
involved in the over- or under-activity of neurons. In comparison with the 
biological conditions of the organism, maintaining these values within an interval 
represents a condition of the viability of the network such as maintaining a certain 
temperature or blood-sugar level. Hebbian plasticity consists of adjusting the 
weight of network arcs according to the correlation or non-correlation of the 
activities of the nodes which they link together. In both cases, the rules of 
plasticity are defined by genetic algorithms. (Wood & Di Paolo, 2007) compare 
these techniques, complicating homeostatic behavior by defining the zones of 
stable homeostatic functioning designed for precise activities (Iizuka & Di Paolo, 
2007). 
 
The general pertinence of these approaches has been demonstrated by reproducing 
numerous experiments, often inspired by psychology. For example, (Di Paolo, 
2000) explains the architecture used to give a robot the ability to make up for a 
visual inversion when following a target (inversion of the robot’s sensors). What 
is remarkable is that, when the sensors are inverted, the rules of plasticity are 
activated and the robot is able to behave as it should, even though these rules have 
never been phylogenetically learnt in such conditions. Here, phylogenesis has 
allowed the preservation of adequate internal dynamic behavior for the viability of 
the system, even if the sensorimotor loops must be modified accordingly. Another 
remarkable factor is that the longer the functioning period in a particular mode, 
the longer the re-adaptation will be, thus supporting Ashby’s theory and the 
psychological approach. Using other experiments, (Harvey et al., 2005) 
demonstrated that these networks possess the ability to remember, and (Wood & 
Di Paolo, 2007) highlight behaviors also observed during psychological 
experiments with children. 
 
Problems for co-evolution 
Other researches involving the plastic evolution of neuronal networks are 
presented in evolutionary robotics (Floreano & Urzelai, 2000). However, we have 
presented the findings of E.A. Di Paolo’s team, as they are particularly 
representative of enactive inspiration and insist upon the system’s agentivity. 
Plasticity also enables the system to auto-adapt to its environment using the 
principle of ultra-stability, which is fundamental to this domain (Ikegami & 
Suzuki, 2008). However, even if the action of the robot is followed, the 
environment is not altered in the irreversible sense of the word mentioned in 
section2. The robot moves, but does not undergo an irreversible modification in 
its environment. For example, if the sensors of the phototaxic robot are inverted, 
the plasticity of the neuronal network will enable it to behave correctly. In theory, 
if we return the sensors to their initial position, the configuration of the neuronal 
network should return to its initial state and the experiment could be repeated as 
many times as we like, without any major changes occurring between them 
except, perhaps, readaptation time. In other terms, the visual inversion experiment 
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does not irreversibly alter the phototaxic robot. Its experience will not have taught 
it anything, nor changed it in any way. Therefore, the saying ”one never forgets”, 
is not supported by a model such as this. Knowledge is stored in the network’s 
dynamics, but the following stage, in which the entity retains and remembers that 
knowledge so that the system might use it in the future, is missing. The difficulty 
is in finding the “essential variables” associated with rules which could enable a 
more radical evolution than this. The principle of ultra-stability alone does not 
give access to that of irreversibility, at least in simplified models. As (Ikegami & 
Suzuki, 2008) suggest, the entity must also be subject to evolution. In fact, the 
evolutionary approaches are also faced with the problem of 
phylogenetic/ontogenetic articulation, which seems to be extremely difficult to 
resolve. 
 
Propositions: Toward co-evolution with humans in 
the loop 
Positioning 
We shall now go on to present a proposition that aims to push back the limits 
previously identified here so as to enable an EBAI to refine its agentivity by 
means of more complex co-evolution. This proposal is based on the following 
arguments involving irreversibility, ontogenesis and sense-making. 
The problem of irreversibility 
The irreversibility of co-evolution is often overlooked as the evolution of the 
environment, which follows the actions of the agent, is neglected in favor of 
initiating an adaptivity to external changes, i.e. those which do not follow the 
actions of the agent itself. We suggest that the agent should actively modify an 
environment which, in turn, should also evolve. This principle is based on 
research suggesting that an entity’s environment is made up of other similar 
entities (Nolfi & Floreano, 1998; Floreano, Mitri, Magnenat, & Keller, 2007). It is 
a mechanism such as this which must be set up for the preceding entities. In the 
following section we shall present our arguments to support the hypothesis that 
this is not sufficient to control this co-evolution nor to enable it to access sense-
making which might be relevant to humans. First, we shall try to complete the 
principles suggested by (Froese & Ziemke, 2009) for the constitution of an agent 
from an enactive perspective, by a ”principe of irreversibility”. 
 
- EBAI irreversibility design principle: an artificial agent must have the 
ability to actively regulate its structural coupling, depending on its 
viability constraints, with an environment which it modifies and for which 
certain modifications are irreversible. 
 
This implies that it is possible that, as a result of an action, the agent’s perception 
of its environment may be altered in such a way that it will never again perceive 
that environment in the same way. The fact that this only involves certain 
modifications and not all of them thus enables the agent to stabilize its coupling, 
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which cannot be done in an environment which is too flexible. One difficulty is 
thus to find the balance between sufficient resistance for it to be able to remember 
the interactions, an ”en habitus deposition” (Husserl, 1938), and sufficient 
plasticity for it to be able to evolve. 
 
The problem of ontogenesis 
Even if the modeled agents are complex in the sense that we call upon the notion 
of emergence in order to characterize their general behavior, their ontogenesis can 
be considered relatively simple. Either the principles of autopoiesis and viability 
are the sole focus of attention, to the detriment of the evolution of these principles 
or, the ontogenesis of the agent is defined using an evolutionary approach. 
However, the Darwinian inspiration behind the evolutionary approach is not 
compatible with an explanation of ontogenesis as it evaluated a whole agent. The 
agent is ready to function and fulfill the task that it has been selected for. That 
being said, if we want to progress in terms of capacity, and to broaden the 
cognitive domain of artificial agents, we must take into account the fact that the 
more complex agents are, the greater the ontogenetic component of their behavior 
compared to the phylogenetic component. Furthermore, as they develop, the 
influence of the environment becomes superior to the influence of genetic 
predetermination (Piaget, 1975; Vaario, 1994). From an enactive perspective, 
evolution is considered more as a process of auto-organization than a process of 
adaptation. It is therefore important to distinguish between an auto-adaptive 
system and a system which learns (Floreano & Urzelai, 2000). For example, in 
robotics, it is necessary to express evolutionary research differently so that it does 
not rely on the selection of agents capable of fulfilling a task or of adapting to a 
changing environment, but rather on a selection of agents capable of ”adapting 
their adaptation” to that of the other and thus cope with new environments. This is 
debatable, as we could argue that the behavioral creativity of natural organisms is 
inherited from the adaptation characteristics selected throughout their 
phylogenesis. It remains nonetheless true that every organism’s past conditions 
both its identity and what it will become, and especially so in the case of 
organisms with highly developed cognitive abilities (Piaget, 1975). Even if the 
aforementioned research shows that the principle of ultra-stability supports this 
argument, one important issue still needs to be addressed: that of the 
generalization of ontogenetic development principles. This problem is so tricky 
that we suggest associating evolutionary approaches with guided online learning, 
during ontogenesis. Here, we fall under a Vygotskian perspective according to 
which training constitutes a systematic enterprise which fundamentally 
restructures all of the behavioral functions; it can be defined as the artificial 
control of the natural development process (Vygotsky, 1986). Now is a good 
moment to refer back to the biological world from which, generally speaking, we 
can deduce that the greater an organism’s cognitive capacities, the greater the 
need for guidance in the early stages of its life. This may require the use of a 
different kind of model of plasticity, for example morphological plasticity of the 
configuration of the system itself so that it might increase and specialize selected 
components as it gains experience. The problem of explaining these principles and 
proposing models, techniques and processes capable of recognizing them is thus 
raised. 
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The problem of sense-making 
Let us imagine that the previous step has been achieved and that we know how to 
obtain an artificial system capable of co-evolution. Let us also imagine that we 
could imitate the environment of such a system in the same way as the system 
itself. There would be a co-evolution of these two entities. Both systems could 
engage themselves along ”uncontrollable natural derivations”. Enaction considers 
that a subject’s world is simply the result of its actions on its senses. Thus, the 
presence of sensorimotor invariants evolving at the heart of an artificial system is 
the machine’s equivalent of ”virtual sense-making” in the virtual own-world. 
What would this sense-making represent for an artificial system co-evolving with 
another artificial system? We must be wary of anthropomorphism, which is 
inappropriate here as the construction of meaning and sense for such machines 
cannot be compared to those of humans. We argue that meaning; coherent within 
the perspective of Man using the machine, and evolving from the cooperation 
between Man and machine, can only emerge through interactions with a human 
observer. Otherwise we will find ourselves faced with machines resembling 
patterns created by fractal evolutionary algorithms. They would be extremely 
complex and seem well organized, but would be incapable of forming social and 
shared meaning. This by no means leads us to question the value of experiments 
in evolutionary robotics for the understanding of fundamental cognitive 
principles, but rather to attempt to address the problem of sense-making. We must 
nevertheless take precautions, keeping in mind the potential impossibility of 
attaining such knowledge, just as (Rohde & Stewart, 2008) argue for the notion of 
autonomy. We simply wish to explore the leads which might enable us to come 
closer to one of the aims of artificial intelligence: the confrontation of a human 
user and a machine (Turing,1950). We hypothesize that, from an enactive 
perspective, one relevant approach would be to explore the sensorimotor 
confrontation between Man and machine. In this context, we believe that Man 
must feel the ”presence” of the machine which expresses itself by a sensorimotor 
resistance in order to construct meaning about itself. This idea of a presence, 
much like the Turing test, evaluates itself subjectively. This has notably been 
studied in the domain of virtual reality (Auvray, Hanneton, Lenay, & O Regan, 
2005; Sanchez & Slater, 2005; Brogni, Vinayagamoorthy, Steed, & Slater, 2007) 
and enables us to link phenomenology and Enaction-Based Artificial Intelligence. 
We therefore make the hypothesis that a presence test could be to Enaction-Based 
Artificial Intelligence what the Turing test is to the computational approach to AI. 
An EBAI compatible with this presence test must be in sensorimotor interaction 
with Man in order to coordinate its actions with those of the machine, which in 
turn could guide and learn from it so that together they might construct 
”interaction meanings”. 
 
(De Jaegher & Di Paolo, 2007) comment on the participatory aspect and on 
coordination as a basis for the construction of meaning in an enactive perspective. 
The actions of the other are as important as the actions of a subject in contributing 
to the enaction of its knowledge. Thus, we argue that the human’s participation in 
this co-evolution will enable both he and the machine to create meaning. If Man is 
not part of this loop, from his point of view there is no intelligent system. 
Inversely, with his participation, the coupling causes an own-world to emerge for 
the user. This raises the issue of the mode of interaction between Man and 
machine, which we shall address in section 4.2. 
15 
Summary of our proposals 
To clarify our remarks, our proposals are summarized in the following paragraph: 
 
- Proposal 1: To overcome the problem of irreversibility, we propose to add 
a principle obliging the agent to actively modify an environment which 
would also be evolving. 
 
- Proposal 2: In order to overcome the issue of the complexity of 
ontogenesis, we propose the introduction of interactive guidance for the 
agent throughout its ontogenesis so as to leave it a memory of its 
interactions, as in the case of complex cognition in the animal kingdom. 
 
- Proposal 3: To overcome the problem of the creation of relevant meaning 
in terms of the presence test, we suggest integrating humans into the loop 
so that a co-creation of meaning relevant to Man might also occur in the 
artificial system. 
 
These three proposals should not be addressed head-on. To us, it would seem 
appropriate to address the evolution of the environment without considering 
Man’s presence in the loop or even to set up interactive guidance without 
addressing the environment. However, for each of these stages, we must not lose 
sight of the ultimate necessity for these two elements in order to guide the 
theoretical or technical choices that must be made when designing them. The final 
objective is to design ontogenetic mechanisms for complex dynamical systems 
which will be guided by people. This objective is illustrated in figure 4. Artificial 
entities are complex systems enriched with ontogenetic mechanisms which guide 
their evolution via an ”en habitus deposition” of their interactions. This guidance 
can be conducted via a simulated environment, but must include human 
interaction. We shall see that it must be done using enactive interfaces. The 
complexity of online guidance such as this leads us to imagine progressive 
exercises linking the evolutionary and ontogenetic approaches. We shall thus 
present the elements which seem relevant to the instigation of our research 
program. Section 4.2 addresses the issue of the interface between Man and 
machine, and section 4.3 addresses that of guidance and ontogenesis. 
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Fig. 4 Artificial entity based on enaction metaphor. 
Interface requirements 
The interface between the system and its environment is one of the more delicate 
points of our proposal. Indeed, in enaction, the notion of the body as an entity able 
to feel and to act, originating from Merleau-Ponty, is essential and should be 
referred back to for an artificial system. The own-body conditions the creation of 
an own-world. What do own-world and body mean to an artificial entity? We 
must admit that, with our technique in its current state, there is a substantial 
difference between a machine and a living organism in terms of both body and 
cognition. Due to the technical implications, we are obliged to restore the 
separation between the cognitive element and its form which, together make up 
the equivalent of an own-body. The entity’s”form” is actually a keyboard, a 
mouse, a screen, a speaker or any other device which represents the behavioral 
interfaces of virtual reality. It thus transforms mechanical and energetic signals 
into electronic signals and vice versa. The form conditions the combinations of 
physical and thus electronic signals. These electronic signals represent the 
entrances/exits of the cognitive system (for which we reiterate the temporary 
status). The form simply limits the possible combinations between the entrances 
and exits of the cognitive system. In this context, these entrances and exits are not 
to be considered as representations of a pre-given world, but as a means of 
coupling for the cognitive system and the environment. That which is technically 
referred to as a system’s entrance or an exit point has no bearing on the notion of 
information but rather on dynamics. These entrances and exits are elements of the 
sensorimotor loops. The artificial system’s ability to act thus correlates with its 
ability to modify the links between the entrances and exits of the cognitive system 
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already bound within its cover. The complexity of the artificial self-world is 
relative to the richness of the possible advents of successive entrances/exits of the 
cognitive system. The more possible successive entrances and exits, the more 
variable, and thus more creative, the system will become. Of course, the 
complexity of the cover can make up for the simplicity of the cognitive system 
(McGeer,1990), but the opposite is also true. The nature of a sensorimotor’s 
system, complex as it may be, is still not comparable to that of a human. The 
claim that the machine must have a physical body similar to ours is thus 
problematic (Brooks, 1991). Whatever the physical interface enabling the machine 
and its environment to interact, this interaction is nothing but a disturbance of the 
digital sensorimotor system. This is not the case for wholly embodied biological 
human beings who must be endowed with enactive interfaces (Luciani & Cadoz, 
2007). These interfaces consist of replacing the symbolic communications (words, 
icons, etc.) between Man and machine with an interaction, using gestures and 
forces which then form ”phycons”. We believe that numerous types of enactive 
interfaces between the system and its user are possible as perception is a 
morphogenetic process (Gapenne, 2008). Once perception and virtual or digital 
action become dynamically interwoven within the machine, the technical interface 
can be both simple and varied. The important elements here are the presence of an 
uninterruptable dynamic, the absence of given symbols and the presence of 
evolving processes on both sides of the interface. A simple example of an 
interface like this is that used in minimalist experiments of the recognition and 
awareness of space in blind subjects (Auvray et al., 2005). For the blind subject to 
be able to perceive, she must be able to act and to find sensorimotor invariants. 
This experiment is even more interesting as (Stewart & Gapenne, 2004) has 
shown that these interactions can be recreated by a machine using qualitative 
descriptions of the experiment. Experiments such as these have led to the 
rethinking of the notion of virtual reality in order to bring it closer to the notion of 
resistance (Tisseau, 2001) and presence (Sanchez & Slater, 2005; Brogni et al., 
2007; Rohde & Stewart, 2008) which we referred to earlier: whatever the chosen 
means of interaction, the essence of virtual reality can be identified as its ability to 
resist actions, to enable the user to construct meaning. Similarly, ”real virtuality” 
could be created by an artificial system if it could negotiate its own resistance 
with that of its user and establish its own sensorimotor invariants. In this case, we 
would be confronted with an artificial sense-making comparable to that of 
humans. 
 
Guiding and explaining ontogenesis 
We have argued for the need to use models whose characteristics are irreversibly 
transformed through ontogenesis during the interaction, which also acts as 
guidance. To do so, we would need to associate learning techniques such as 
reinforcement (Sutton & Barto, 1998) or imitation (Mataric, 2001) with the 
principles of transformation and evolution. Different approaches could be used 
and combined. 
 
Learning by reinforcement, which allows an entity to use its past experience to 
modify its behavior is used as much for symbolic connotation models (Holland & 
Reitman, 1978; Wilson, 1987; Butz, Goldberg, & Stolzmann, 2000; Gerard, 
Stolzmann, & Sigaud, 2002) as for neurocomputational approaches (Daucé, Quoy, 
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Cessac, Doyon, & Samuelides, 1998; Henry, Daucé, & Soula, 2007). We discuss 
”symbolic connotation” approaches first as they are based on discrete variables 
and a selection of atomic actions. However, they are not confined to using a given 
representation of an environment but rather to create a model of possible coupling 
with this environment. They are thus viable for consideration in our context. 
Recently, (Chandrasekharan & Stewart, 2007) have shown that it is possible to 
associate a network of neurons which loop back to themselves with a Q-learning 
type of algorithm. The functioning of this network serves as a proto-
representation. The idea is that these protorepresentations act as internal epistemic 
structures which reflect the sensorimotor invariants learnt by experience. 
However, the learning process requires hundreds of simulated steps for a simple 
example (i.e. virtual ants foraging). This is a serious drawback for an online 
application of these approaches. In terms of neurocomputation, (Henry et al., 
2007) proposes reinforcement learning for a network of recurrent neurons. The 
network’s Hebbian plasticity is only activated in the presence of reward or 
punishment stimuli. This approach is also well adapted to our context. However, 
there is a difference between this approach and artificial dynamic cognition, as the 
experiments are not based on sensorimotor learning and the networks of neurons 
used are not CTRNN. 
 
To fully address the notion of transformation, the introduction of morphogenetic 
principles gives the advantage of being able to access irreversibility. With the 
work on modeling the growth of a mutlicellular organism, we therefore return to 
the biological origins of cognition (Federici & Downing, 2006; Stockholm, 
Benchaouir, Picot, Rameau, Neildeiz, & Paldi, 2007; Neildeiz, Parisot, Vignal, 
Rameau, Stockholm, Picot, Allo, Le Bec, Laplace, & Paldi, 2008). Certain authors 
even introduce the role of the environment into this transformation (Eggenberger, 
2004; Beurier et al., 2006). In robotics, it is the evolution of the body of the 
machine that is of interest (Dellaert & Beer, 1994; Hara & Pfeifer, 2003). 
Eventually, these approaches might access co-evolution in the fullest sense of the 
term. In the case of an EBAI, the connection which should be made is to integrate 
the principles of autopoiesis with those of morphogenesis so as to preserve the 
biological essence of an identity built up within the constraints of viability 
(Miller, 2003). The research pertaining to neurocomputing can be found in 
(Gruau, 1994; Nolfi & Parisi, 1995; G.vHornby & J.Pollack, 2002). Finally, in 
order to study these principles, we must rely on the formal tools adapted to the 
models which present the properties of multiple behavioral drifts. However, these 
tools are uncommon and in (Aubin, 1991)’s theory of viability, which aims to 
define all of the parameters of models capable maintaining their own behavior in a 
given area, we can observe an interesting perspective for associating the 
simulation’s bottom-up approach with the analysis of global properties. We 
believe this theory to be under-used, whilst it suggests a turnaround in terms of 
the most common point of view in studying complex systems. 
 
It remains that, in terms of an interaction between Man and machine, an 
association of the principles of reinforcement and transformation must be 
developed. 
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Conclusion 
The aim of this paper was to analyze and define new approaches for addressing 
the difficulties in constructing independent artificial systems which rely on 
enactive metaphor. First, we brought together the notions of Enactive Artificial 
Intelligence and Enaction-Based Artificial Intelligence. We particularly wanted to 
avoid addressing certain phenomenological aspects such as the notion of first-
hand experience in order to avoid any confusion with the human perspective of 
the paradigm. We then went on to demonstrate that the three current main 
approaches were confronted with the following three problems: 
 
1. The absence of the implementation of a real co-evolution characterized by 
its irreversibility. To overcome this problem, we suggest that the agent 
should more actively modify its environment and that in turn that 
environment should evolve and present a certain degree of irreversibility. 
 
2. The difficulty establishing a complex ontogenetic process ”which 
determines its own outcome”. This necessitates the modification of the 
phylogenesis/ontogenesis ratio that follows it so that auto-organization 
might prevail over auto-adaptation. As an answer to this problem, we 
suggest the use of interactive guidance throughout its ontogenesis, as is the 
case during the complication of cognition in the animal kingdom. 
 
3. The immeasurable difference between the creation of meaning for 
machines and for humans. Due to this difference, the use of machines 
capable of exchange or social partnership with humans is rendered 
extremely hypothetical. To answer this problem, we propose to integrate 
humans into the loop so that the creation of a meaning relevant to humans 
might also develop within the artificial system. We also suggest that a 
presence test, the enactive equivalent of the Turing test from a 
computational angle, should be taken by the machine. 
 
There follows the proposal to assimilate interaction between Man and machine 
during the ontogenetic process of an artificial entity via an enactive interface. One 
difficulty is thus to set up irreversible evolving mechanisms which are carried out 
in real time at the heart of the system. This is why we have listed the approaches 
that would enable us to clarify the ontogenetic transformation and to adapt them. 
Our perspectives tend towards the assimilation of these approaches via minimalist 
experiments associating evolutionary robotics with interactive guidance (Manac’h 
& De Loor 2009). Despite the complexity of the task to be accomplished, it seems 
to us that the inclusion of humans in the loop, as well as being essential in-fine, 
might help us to establish the strategies of evolution and guidance and to push 
back the limits of the obstacles highlighted by (Froese & Ziemke, 2009). 
Considerating the phenomenology of interactions between Man and machine in 
the constitution of sensorimotor skills for humans could in fact prove an important 
basis for establishing analogical principles for machines. Attempts made to model 
and simulate such interactions by (Stewart & Gapenne, 2004) seem to us to be an 
important starting point. They might help us to imagine minimal experiments 
combining phylogenesis and ontogenesis in establishing mechanisms of ”learning 
how to learn” via principles inspired from morphogenesis. These minimal 
interactions pass through simple but enactive interfaces, i.e. based on a 
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sensorimotor dynamic. The important thing is to establish sensorimotor coupling 
between Man and machine and to keep in mind the praxeological, rather than the 
ontological, aspect of the system. The intricacies could be provided later. 
 
These reflexions lead us to sketch some interesting perspectives in the context of 
interaction and virtual reality: Virtual environment constitute a good base to 
develop guided models capable of co-evolution. However, we must remain 
prudent because of the incommensurable distance between the continuous nature 
of the physical world which lead to the biological metabolism and the discrete 
nature of numerical systems. Numerical and natural worlds are based on two 
different phenomenal domains and the later is tremendously more complex that 
the former. Nevertheless, it doesn’t prevent the possibility to bring forth a world 
into a dynamical simulation, even if this world will be incommensurable with 
such of the human. The only interest for this artificial world would be in the fact 
that it would be constituted by the way of human-machine interaction and 
consequently that human might find a sense in these interactions. If it is the case, 
a man-machine common sense might be co-constituted. To do that, we must 
imagine experimentations easy enough to be supported by actual artificial models 
but also representative for a human in term of co-constitutive interaction. Artistic 
creation seems to be favorable to following this way.  
 
This by no means aims to disqualify the interest of approaches which do not 
include humans in the loop, which progress more quickly in terms of 
understanding internal mechanisms using artificial life and evolutionary or 
coevolutionary robotics. However, we here limit our research, having presented 
what seems to us to be the most important approaches. These thoughts are a result 
of our work on the necessary coupling between Man and machine for the co-
construction of knowledge (Parenthon & Tisseau, 2005; Desmeulles,Querrec, 
Redou, Kerdlo, Misery, Rodin, & Tisseau, 2006; Favier & De Loor, 2006; De 
Loor, Bénard, & Bossard, 2008). This is thus a challenge for software engineering 
which must consider the ”experience of the machine” and of its interactions, as 
well as those of the user. It is also a challenge for theoretical artificial intelligence 
which must integrate interaction at the heart of its models as suggested by (Goldin 
& Wegner, 2008). 
 
References 
Ashby, W. (1960). Design for a brain: The origin of adaptive behavior (2nd ed.). Chapman and 
Hall. 
Aubin, J. (1991). Viability theory. Birkhuser.  
Auvray, M., Hanneton, S., Lenay, C., & O Regan, J. (2005). There is something out there: distal 
attribution in sensory substitution, twenty years later. Journal of Integrative Neuroscience, 4, 505–
521. 
Beer, R. (2000). Dynamical approaches to cognitive science. Trends in Cognitive Sciences, 4(3), 
91–99. 
Beer, R. (2004). Autopoiesis and cognition in the game of life. Artificial Life, 10(3), 309–326. 
Beer, R., & Gallagher, J. (1992). Evolving dynamical neural networks for adaptive behavior. 
Adaptive Behavior, 1(1), 91–122. 
21 
Bersini, H., & Sener, P. (2002). Approche dynamique de la cognition artificielle, Chap. Le chaos 
dans les rseaux de neurones, pp. 45–58. Hermes, Trait des sciences cognitives. 
Beurier, G., Michel, F., & Ferber, J. (2006). A morphogenesis model for multiagent embryogeny. 
Artificial Life X , Proceedings of the Tenth International Conference (pp. 84–90). 
Beurier, G., Simonin, O., & Ferber, J. (2002). Model and simulation of multimodel emergence. 
Procedings of IEEE ISSPIT (pp. 231–236). 
Bickhard, M. H. (2003). The biological emergence of representation. Emergence and Reduction: 
Proceedings of the 29th Annual Symposium of the Jean Piaget Society (pp. 105–131). T. Brown, 
L. Smith. 
Bourgine, P., & Stewart, J. (2004). Autopoiesis and cognition. Artificial Life, 10, 327–345. 
Brogni, A., Vinayagamoorthy, V., Steed, A., & Slater, M. (2007). Responses of participants during 
an immersive virtual environment experience. The International Journal of Virtual Reality, 6(2), 
1–10. 
Brooks, R. (1991). Intelligence without representation. Artificial Intelligence, 47, 139–159. 
Butz, M. V., Goldberg, D. E., & Stolzmann, W. (2000). Investigating Generalization in the 
Anticipatory Classifier System. Proceedings of Parallel Problem Solving from Nature (PPSN VI). 
Also technical report 2000014 of the Illinois Genetic Algorithms Laboratory. 
Chalmer, D. (1995). Facing up to the problem of consciousness. Journal of Consciousness Studies, 
2, 200–219. 
Chandrasekharan, S., & Stewart, T. (2007). The origin of epistemic structures and proto-
representations. Adaptive Behavior, 15(3), 329–353. 
Clark, A. (1999). An embodied cognitive science? Trends in Cognitive Science, 9, 345–351. 
Daucé, E. (2002). Approche dynamique de la cognition artificielle, Chap. Systèmes dynamiques 
pour les sciences cognitives, pp. 33–44. Hermes, Traité des sciences cognitives. 
Daucé, E., Quoy, M., Cessac, B., Doyon, B., & Samuelides, M. (1998). Selforganization and 
dynamics reduction in recurrent networks: stimulus presentation and learning. Neural Networks, 
11, 521–533. 
De Jaegher, H., & Di Paolo, E. (2007). Participatory sense-making. an enactive approach to social 
cognition. Phenomenology and the Cognitive Sciences, 6(4), 485–507. 
De Loor, P., Bénard, R., & Bossard, C. (2008). Interactive co-construction to study dynamical 
collaborative situations. To appear in the proceedings in the International Conference on Virtual 
Reality, Laval Virtual. 
Dellaert, F., & Beer, R. (1994). Toward an evolvable model of development for autonomous agent 
synthesis. Artificial Life IV, Proceedings of the Fourth International Workshop on the Synthesis 
and Simulation of Living Systems, 246–257. 
Dempster, B. (2000). Sympoietic and autopoietic systems: A new distinction for self-organizing 
systems. Proceedings of the World Congress of the Systems Sciences and ISSS 2000 (pp. 1–18). 
Desmeulles, G., Querrec, G., Redou, P., Kerdlo, S., Misery, L., Rodin, V., & Tisseau, J. (2006). 
The virtual reality applied to the biology understanding: the in virtuo experimentation. Expert 
Systems with Applications, 30(1), 82–92. 
22 
Di Paolo, E. (2000). Homeostatic adaptation to inversion in the visual field and other sensorimotor 
disruptions. In J. Meyer, A. Berthoz, D. Floreano, H. Roitblat, & S.Wilson (Eds.), From Animals 
to Animats 6. Proceedings of the VI International Conference on Simulation of Adaptove Behavior 
(pp.440–449). 
Di Paolo, E. (2005). Autopoiesis, adaptivity, teleology, agency. Phenomenology and the Cognitive 
Sciences, 4, 429–452. 
Di Paolo, E., & Iizuka, H. (2008). How (not) to model autonomous behavior. BioSystems, 91(2), 
409–423. 
Di Paolo, E., Rohde, M., & De Jaegher, H. (2007). Horizons for the enactive minds: Value, social 
interaction, and play. Cognitive Science Research Paper, 587. 
Dittrich, P., Ziegler, J., & Banzhaf,W. (2001). Artificial chemistries - a review. Artificial Life, 
7(3), 225–275. 
Drescher, G. (1991). Made-up minds. a constructivist approach to artificial intelligence. MIT 
Press. Dreyfus, H. (1979). What computers can’t do. The limits of artificial intelli- 
gence. Harper&Row, Publisher, Inc.  
Dreyfus, H. (2007). Why Heideggerian AI failed and how fixing it would require making it more 
Heideggerian. Philosophical Psychology, 20(2), 247–268. 
Eggenberger, P. (2004). Genome-physics interaction as a new concept to reduce the number of 
genetic parameters in artificial evolution. In R. Sarke, R. Reynolds, H. Abbass, K.-C. Tan, R. 
McKay, D. Essam, & T. Gedeon (Eds.), Proceedings of the IEEE 2003 Congress on Evolutionary 
Computation (pp. 191–198). Congress of Evolutionary Computation. 
Favier, P., & De Loor, P. (2006). From decision to action : intentionality, a guide for the 
specification of intelligent agents’ behaviour. International Journal of Image and Graphics, 6(1), 
87–99. 
Federici, D., & Downing, K. (2006). Evolution and development of a multicellular organism: 
scalability, resilience, and neutral complexification. Artif. Life, 12(3), 381–409. 
Floreano, D., Mitri, S., Magnenat, S., & Keller, L. (2007). Evolutionary conditions for the 
emergence of communication in robots. Current Biology, 17(6), 514–519. 
Floreano, D., & Urzelai, J. (2000). Evolutionary robots with on-line selforganization and 
behavioral fitness. Neural Networks, 13, 431–443. 
Fodor, J. (2000). The mind doesn’t work that way. MIT Press. 
Foerster, H. (1984). The invented reality: How do we know what we belive we now? contributions 
to constructivism., Chap. On constructing a reality, pp. 41–61. Northon and Company. 
Freeman, W. (2001). How brains make up their minds. Columbia University Press: New York. 
Freeman, W., & Sharkda, C. (1990). Brain organization and memory cells, systems & circuits, 
Chap. Representations: Who needs them?, pp. 375–380. Oxford University Press: New-York. 
Froese, T., & Ziemke, T. (2009). Enactive artificial intelligence: Investigating the systemic 
organization of life and mind. Artificial. Intelligence, 173, pp. 466-500  
Funahashi, K., & Nakamura, N. (1993). Approximation of dynamical systems by continuous time 
recurrent neural networks. Neural Networks, 6, 801–806. 
23 
Gapenne, O. (2008). Enaction: A new paradigm for cognitive science, Chap. Kinaesthetics and the 
construction of perceptual objects. MIT Press. 
Gardner, M. (1970). The fantastic combinations of John Conway’s new solitaire game ”life”. 
Scientific American, 223(4), 120–123. 
Gerard, P., Stolzmann, W., & Sigaud, O. (2002). YACS, a new LCS using anticipation. Journal of 
Soft Computing, 6(3–4), 216–228. 
Gershenson, C. (2004). Cognitive paradigms: wich one is the best? Cognitive Systems Research, 
5(2), 135–156. 
Gibson, J. (1966). The senses considered as perceptual systems. Boston:Houghton Mifflin. 
Glasersfeld, E. v. (1995). Radical constructivism: a way of knowing and learning. Falmer Press: 
London. 
Goldin, D., & Wegner, P. (2008). The interactive nature of computing: Refuting the strong 
Church-Turing thesis. Minds and Machines, 18(1), 17–38. 
Gruau, F. (1994). Automatic definition of modular neural networks. Adaptive Behavior, 3, 151–
183. 
G.vHornby, & J.Pollack (2002). Creating high-level components with a generative representation 
for body-brain evolution. Artificial Life, 8, 223–246. 
Hall, J. S. (2007). Self-improving ai: an analysis. Minds and Machines, 17(3), 249–259. 
Hara, D. F., & Pfeifer, R. (2003). Morpho-functional machinesthe new species: Designing 
embodied intelligence. Springer. 
Harnad, S. (1990). The symbol grounding problem. Physica, 335–346. 
Harnad, S. (1993). Grounding symbols in the analog world with neural nets. NETS.THINK 2, 2, 1. 
Harvey, I., Di Paolo, E.,Wood, R., Quinn, M., & Tuci, E. (2005). Evolutionary robotics: A new 
scientific tool for studying cognition. Artificial Life, Vol. 11 (pp. 79–98). 
Henry, F., Daucé, E., & Soula, H. (2007). Temporal pattern identification using spike-timing 
dependent plasticity. Neurocomputing, 70, 2009–2016. 
Holland, J. H., & Reitman, J. S. (1978). Cognitive systems based on adaptive algorithms. In D. A. 
Waterman, & F. Hayes-Roth (Eds.), Pattern-directed inference systems. New York: Academic 
Press. Reprinted in: Evolutionary Computation. The Fossil Record. David B. Fogel (Ed.) IEEE 
Press, 1998.ISBN: 0-7803-3481-7. 
Husserl, E. (1938). Experience et jugement. PUF (1991). 
Husserl, E. (1960). Cartesian meditations: An introduction to phenomenology. 
Trans. Dorian Cairns. The Hagues: Martinus Nijhoff. 
Hutchins, E. (2005). Material anchors for conceptual blends. Journal of pragmatics, 37, 1555–
1577. 
Hutchins, E. (2006). Imagining the cognitive life of things. Presented at the symposium: ”The 
Cognitive Lifer of Things: Recasting the boundaries of Mind”, organized at the McDonald institue 
for Archeological Research, Cambridge University. 
Hutton, T. (2007). Evolvable self-reproducing cells in a two-dimensional artificial chemistry. 
Artificial Life, 13(1), 11–30. 
24 
Iizuka, H., & Di Paolo, E. (2007). Toward spinozist robotics: Exploring the minimal dynamics of 
behavioural preference. Adaptive Behavior., 15, 359–376. 
Ikegami, T., & Suzuki, K. (2008). From a homeostatic to a homeodynamic self. BioSystems, 91, 
388–400. 
Jonas, H. (1968). Biological foundations of individuality. International Philosophical Quartely, 8, 
231–251. 
Kant, I. (1790). Kritik der urteilskraft. Hacket Publishing Compagny, 1987. 
Korb, K. B. (2004). The frame problem: An AI fairy tale. Minds and Machines, 8(3), 317–351. 
Kosslyn, S., Thomson, W., & Ganis, G. (2006). The case for mental imagery. Oxford University 
Press. 
Lakoff, G., & Johnson, M. (1999). Philosophy in the flesh: The embodied mind and its challenge 
to western thought. Basics Books: New York. 
Langton, C. (1984). Self-reproduction in cellular automata. Physica D, 10, 135–144. 
Laughlin, R. (2005). A different universe : Reinventing physics from the bottom down. Basic 
Book.  
Lenay, C. (1996). Mental symbols and genetic symbols : analogies between theoretical 
perspectives in biology and cognitive science. Behavioural Processes, 35, 251–262. 
Luciani, A., & Cadoz, C. (Eds.). (2007). Enactive/07. enaction in arts. 4th international conference 
on enactive interfaces., Grenoble, France. 
Lutz, A., Lachaux, J., Martinerie, J., & Varela, J. (2001). Guiding the study of brain dynamics by 
using first-person data: Synchrony patterns correlate with ongoing conscious states during a simple 
visual task. Proceedings of the National Academy of Sciences, 1–6. 
Madina, D., Ono, N., & Ikegami, T. (2003). Cellular evolution in a 3d lattice artificial chemistry. 
ECAL (pp. 59–68). 
Manac’h, K., & De Loor, P. (2007). Passage du discret au continu: identification des verrous pour 
la simulation de systmes autopoitiques. ARCo’07, Colloque de l’Association pour la Recherche 
Cognitive. Cognition-Complexité-Collectif (pp. 29–30). 
Manac’h, K. & De Loor, P. (2009) Guiding for associative Learning: How to Shape Artificial 
Dynamic Cognition. To appear in the proceedings of the 10th European Conference on Artificial 
Life, Budapest, 2009. 
Mataric, M. J. (2001). Learning in behavior-based multi-robot systems: policies, models, and other 
agents. Cognitive Systems Research, 2(1), 81–93. 
Maturana, H., Uribe, G., & Frenk, S. (1968). A biological theory of relativistic colour coding in 
the primat retina. Arch. Biologia y Med. Exp., 1, 1–30. 
Maturana, H., & Varela, F. (1980). Autopoiesis and cognition: The realization of the living. 
Reidel: Boston. 
McCarthy, J. (1969). Semantic information processing, Chap. Programs with common sense, pp. 
403–418. Cambridge: MIT.  
McCarthy, J., & Buva, S. (1998). Formalizing context (expanded notes). In A. Aliseda, R. van 
Glabbeek, & C. Westersthl (Eds.), Computing natural language, in: Csli lecture notes, Vol. 8 (pp. 
13–50). 
25 
McGee, K. (2005). Enactive cognitive science. part 1: Background and research themes. 
Constructivist Foundations, 1(1), 19–34. 
McGee, K. (2006). Enactive cognitive science. part 2: Methods, insights, and potential. 
Constructivist Foundations, 1(2), 73–82. 
McGeer, T. (1990). Passive dynamic walking. International Journal of Robotics Research, 9(2), 
62–82. 
McMullin, B. (2004). Thirty years of computational autopoiesis: A review. Artificial Life, 10, 
277–295. 
Merleau-Ponty, M. (1945). Phénomnologie de la perception. Collection ” Tel ”, 1990. éditions 
gallimard edition. 
Miller, J. (2003). Evolving developmental programs for adaptation, morphogenesis, and self-
repair. Advances in Artificial Life: 7th European Conference, LNAI, Vol. 2801 (pp. 256–265). 
Minsky, M. (1982). Why people think computers can’t. AI Magazine, 3(4), 224–236. 
Moreno, A., Etxeberria, A., & Umerez, J. (2008). The autonomy of biological individuals and 
artificial models. BioSystems, 91, 308–319. 
Morin, E. (1980). La vie de la vie (t. 2). Le Seuil, Nouvelle édition, coll. Points,. 
Neildeiz, T. M. A., Parisot, A., Vignal, C., Rameau, P., Stockholm, D., Picot, J., Allo, V., Le Bec, 
C., Laplace, C., & Paldi, A. (2008). Epigenetic gene expression noise and phenotypic 
diversification of clonal cell populations. Differentiation, 76, 33–40. 
Noë, A. (2004). Action in perception. Cambridge, MA: MIT Press. 
Nolfi, S., & Floreano, D. (1998). How co-evolution can enhance the adaptive power of artificial 
evolution: Implications for evolutionary robotics. In Lecture notes in computer science, Vol. 1468 
(pp. 22–38). Springer Berlin /Heidelberg. 
Nolfi, S., & Floreano, D. (2000). Evolutionnary robotics: The biology, intelligence, and 
technology of self-organizing machines. MIT Press/Bradford Books. 
Nolfi, S., & Parisi, D. (1995). The handbook of brain theory and neural networks, Chap. 
Genotypes for neural networks. MIT Press. 
Nunez, R. (1999). Could the future taste purple? reclaiming mind, body and 
cognition. Journal of Consciousness Studies, 6, 41–60. 
Parenthoën, M., & Tisseau, J. (2005). Tutorial book of virtual concept (Chap. Enactive modeling, 
pp. 1–18). Biarritz, France: ENSIAME-LAMIH/LIPSIESTIA.  
Pfeifer, R., & Gomez, G. (2005). Interacting with the real world: design principles for intelligent 
systems. Artificial life and Robotics, 9(1), 1–6. 
Pfeifer, R., & Scheier, C. (1999). Understanding intelligence. MIT Press.  
Piaget, J. (1970). L’´epist´emologie g´en´etique. Paris: Que sais-je, PUF. 
Piaget, J. (1975). The requilibration of cognitive structures. The University of Chicago Press. The 
original French edition: L’´equilibration des structures cognitives: Problème central du 
developpement, reprint 1985. 
Pylyshyn, Z. (1984). Computation and cognition : Toward a foundation for cognitive science. 
Cambridge, Massachusets, The MIT Press. 
Pylyshyn, Z. (2003). Seeing and vizualizing: It’s not what you think. MIT/Bradford, Cambridge. 
26 
Rohde, M., & Di Paolo, E. (2006). An evolutionary robotics simulation of human minimal social 
interaction (long abstract). SAB’06 Workshop on Behaviour and Mind as a Complex Adaptive 
System. Rome, Italy. 
Rohde,M., & Stewart, J. (2008). Ascriptional and ’genuine’ autonomy. BioSystems Special issue 
on Modeling Autonomy, 91(2), 424–433. 
Rosch, E. (1999). Reclaiming cognition: The primacy of action, intention, and emotion., Chap. 
Reclaiming concepts, pp. 61–67. Imprint Academic:Thorverton, UK. 
Rosenblatt, F. (1958). The perceptron: a probalistic model for information storage and organisation 
in the brain. Psychological Review, 65, 386–408. 
Ruiz-Mirazo, K., & Mavelli, F. (2008). On the way toward ’basic autonomous agents’: Stochatic 
simulations of minimal lipid-peptide cells. Biosystems, 91, 374–387. 
Sanchez, M., & Slater, M. (2005). From presence to consciousness through virtual reality. Nature, 
6, 332–339. 
Searle, J. (1997). The mystery of consciousness. review collection. 
Shanon, B. (1993). The representational and the presenational: An essay on cognition and the 
study of mind. London and New-York Harvester-Wheatsheaf and Prentice Hall. 
Sharkey, N., & Ziemke, T. (1998). Biological and physiological foundations. Connection Science, 
10, 361–391. 
Simon, H. (1969). The science of the artificial. MIT Press. 
Stewart, J. (1996). Cognition=life: Implication for higher-level cognition. Behavioural Process, 35, 
311–326. 
Stewart, J., & Gapenne, O. (2004). Reciprocal modelling of active perception of 2-d forms in a 
simple tactile-vision substitution system. Minds and Machines, 14, 309–330. 
Stewart, J., Gapenne, O., & E. Di Paolo (2008). Enaction: A new paradigm for cognitive science. 
MIT Press. 
Stockholm, D., Benchaouir, R., Picot, J., Rameau, P., Neildeiz, T. M. A., & Paldi, A. (2007). The 
origin of phenotypic heterogeneity in a clonal cell population in vitro. PLoS ONE, 2(4). 
Strogatz, S. (1994). Nonlinear dynamics and chaos. Addison-Wesley. Sutton, R., & Barto, A. 
(1998). Reinforcement learning. Cambridge, MA: MIT Press. 
Thompson, E. (2007). Look again: Phenomenology and mental imagery. Phenomenology and the 
Cognitive Science, 6, 137–170. 
Thompson, E., & Varela, F. J. (2001). Radical embodiment: Neural dynamics and consciousness. 
Trends in Cognitive Sciences, 5(10), 418–425. 
Tisseau, J. (2001). Virtual reality - in virtuo autonomy. Acreditation to direct research, field: 
Computer science, University of Brest. 
Turing, A. (1950). Computing machinery and intelligence. Minds, 59, 433–460. 
Uexküll, J. v. (1957). A stroll through the worlds of animals and men. Instinctive behavior: The 
development of a modern concept, 5–80. 
Vaario, J. (1994). Artificial life as constructivist AI. Journal of SICE (Japanese Society of 
Instrument and Control Engineers), 33(1), 65–71. 
Varela, F. (1979). The principles of biological autonomy. New York: North Holland. 
27 
Varela, F., Maturana, H., & Uribe, H. (1974). Autopoiesis: the organization of living systems, its 
characterization, and a model. Biosystems, 5, 187–196. 
Varela, F., Thompson, E., & Rosch, E. (1993). The embodied mind. MIT Press. 
Von Neumann, J. (1966). Theory of self-reproducing autonomata. Arthur Burks. 
Vygotsky, L. S. (1986). Thought and language - rev’d edition. The MIT Press. 
Watanabe, T., Koizumi, K., Kishi, K., Nakamura, M., Kobayashi, K., Kazuno, M., Suzuki, Y., 
Asada, Y., & Tominaga, K. (2007). A uniform framework of molecular interaction for an artificial 
chemistry with compartments. Proceedings of the 2007 IEEE Symposium on Artificial Life (CI-
ALife 2007) (pp. 54–60). 
Wilson, S. W. (1987). Classifier Systems and the Animat Problem. Machine Learning, 2, 199–228. 
Also Research Memo RIS-36r, the Rowland Institute for Science, Cambridge, MA, 1986. 
Wood, R., & Di Paolo, E. A. (2007). New models for old questions: Evolutionary robotics and the 
’a not b’ error. In Springer-Verlag. (Ed.), Proceedings of the 9th European Conference on 
Artificial life ECAL 2007. 
Ziemke, T. (2001). The construction of ’reality’ in the robot. Foundations of Science, 6(1), 163–
233. 
Ziemke, T. (2004). Embodied AI as science: Models of embodied cognition, embodied models of 
cognition, or both? LNAI, 3139, 27–36. 
28 
An author may self-archive an author-created version of his/her article on his/her 
own website. He/she may also deposit this version on his/her institution's and 
funder's (funder designated) repository at the funder's request or as a result of a 
legal obligation, including his/her final version, provided it is not made publicly 
available until after 12 months of official publication. He/she may not use the 
publisher's PDF version which is posted on www.springerlink.com for the purpose 
of self-archiving or deposit. Furthermore, the author may only post his/her version 
provided acknowledgement is given to the original source of publication and a 
link is inserted to the published article on Springer's website. The link must be 
accompanied by the following text: "The original publication is available at 
www.springerlink.com".  
The author is requested to use the appropriate DOI for the article. Articles 
disseminated via www.springerlink.com are indexed, abstracted and referenced by 
many abstracting and information services, bibliographic networks, subscription 
agencies, library networks and consortia.  
 
